Recent experiments indicate that metal intercalation is a very effective method to manipulate the graphene-adatom interaction and control metal nanostructure formation on graphene. A key question is mass transport, i.e., how atoms deposited uniformly on graphene populate different areas depending on the local intercalation. Using first-principles calculations, we show that partially intercalated graphene, with a mixture of intercalated and pristine areas, can induce an alternating electric field because of the spatial variations in electron doping, and thus, an oscillatory electrostatic potential. This alternating field can change normal stochastic adatom diffusion to biased diffusion, leading to selective mass transport and consequent nucleation, on either the intercalated or pristine areas, depending on the charge state of the adatoms.
Introduction
Promising graphene applications [1] [2] [3] require the ability to control the deposition and growth morphology of metals on its surface [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . It is important to find ways to easily tune metal nucleation so that the growth morphology can be manipulated to meet the requirements of various applications, e.g., low electrical resistance for good metal contacts, highdensity magnetic nanoislands for computer memories, or stable nanoparticles for enhanced catalytic activity.
While experiments on exfoliated graphene of various thicknesses, from single to multi-layers, have shown that island densities for Cs [18] and Au [19, 20] deposition can depend dramatically on the layer thickness of graphene, recent experiments also show that metal intercalation [11] [12] [13] [14] [15] [16] provides a way to effectively tune the properties of graphene, and consequently, Nano Res. 2016, 9(5): 1434-1441 the nucleation and growth of metals on graphene. Intercalation of rare-earth metals such as Eu is a promising way to introduce magnetic moments since Eu and other rare-earth elements have a large magnetic moment because of the half-filled 4f electron shell. Alkali metals such as Cs in the intercalation layer can also release their valence electrons easily and act as good agents for electron doping of graphene without disturbing the graphene electronic -bands much [8, 10] . It has been shown that alkali metal adsorption on or intercalation in single and multi-layer graphene is crucial in the working cycle of modern batteries and supercapacitors [14, 18] . Moreover, it has also been shown that adsorption of metal atoms can be manipulated by the insertion of metallic layers between graphene and the supporting substrate (i.e., intercalation) [12] . By preparing a graphene sample on Ir(111) such that intercalated and non-intercalated regions coexist (i.e., partial intercalation), Schumacher et al. [12, 13] showed that nucleation of the additional metal (Eu or Cs) is concentrated on top of the pristine areas, while the island density on the intercalated regions is essentially zero.
Such strong selectivity for adsorption on pristine graphene has been attributed to the difference in adsorption energy between the intercalated and pristine areas [12] . Nevertheless, it is also necessary to address the question of mass transport, since the deposition process distributes adatoms uniformly on intercalated and pristine areas. The Eu or Cs adatoms must be able to transfer very efficiently to the areas where islands nucleate. This question is even more relevant when the deposition experiments are performed with strongly bound metals well below room temperature, where surface diffusion is expected to be suppressed.
In this report, we describe a diffusion mechanism that leads to selective adatom mass transport on partially intercalated graphene. Using first-principles calculations, we show that Eu and Cs intercalation can induce highly n-doped graphene patches by charge transfer from the intercalant to graphene. This redistribution of the electrons makes the electrostatic potential lower in the intercalated graphene areas, and thus, induces a strong electric field across the boundary between the intercalated and non-intercalated domains. This field provides a significant driving force for biased diffusion [21] of the positively charged metal adatoms toward the non-intercalated domains and can account for the unusual nucleation observed exclusively on these areas. A similar mechanism can be applied to other systems where intercalation leads to spatial variation of the work function. It can be exploited as a general method to prepare patterned graphene and control the nucleation sites of metallic islands.
Calculation method
The atomic structures used in the calculations incorporate both intercalated and pristine regions, as shown in Figs. 1(a) and 1(d). For Eu, a 24 × 3 graphene supercell is used. Underneath the 3 × 3 graphene patch at each end of the graphene supercell, a 2 × 2 Eu layer is inserted. For Cs, a 87  7 graphene supercell is used and a 2 × 1 Cs layer is intercalated with the 27  7 graphene patch at each end of the supercell.
The dimensions of the supercell along the a and b directions are 59.04 and 7.38 Å, respectively, for the Eu intercalated supercell, and 52.07 and 6.51 Å, respectively, for the Cs intercalated supercell. The dimension along c is 22.4 Å for Eu and 28 Å for Cs, which allows at least 20 and 25 Å of vacuum, respectively, to separate the two surfaces. Periodic boundary conditions are applied. Since nucleation of these metals on pristine graphene does not follow the moiré periodicity of graphene on Ir(111), the effects of the Ir(111) substrate on Eu and Cs adsorption are expected to be weak [22] . We also calculate the adsorption energy and diffusion barrier for Eu and Cs on graphene with and without the Ir substrate to validate the approximation used in our structural model. We found that the Ir substrate has little effect on the adsorption energy and diffusion barrier. Omitting the Ir substrate in our structural model reduces the computational cost. As will be seen later, it does not alter the extent of electron transfer from the Eu and Cs intercalation.
The first-principles calculations are based on the density functional theory (DFT) using the Vienna ab initio Simulation Package (VASP) [23] [24] [25] , in which a plane wave basis set is used to solve the Kohn-Sham equations. The generalized gradient approximation (GGA) in the form of Perdew-Burke-Ernzerhof (PBE) functional [26, 27] , including dipole moment corrections [28] , is employed in the calculations. The valence electrons are treated explicitly and their interactions with ionic cores are described by projector augmentedwave (PAW) pseudopotentials [29, 30] . For Eu atoms, the 5p 6 and 6s 2 electrons are treated as valence electrons, whereas the valence electrons of Cs atoms are 5s 2 , 5p 6 , and 6s 
Results and discussion
In order to see how the electrons are redistributed upon intercalation, we have calculated the bonding electron distributions (BED) as shown in Figs. 1(b) and 1(e). Here the BED Δ (r) is defined as Δ(r) = (r) -( gra (r) +  metal (r)), where (r) is the electron density of the entire sample, and  gra (r) and  metal (r) are, respectively, the electron densities of ideal graphene and the metal patch separately.  gra (r) and  metal (r) are calculated using the same supercell conditions as those in the corresponding intercalated graphene. The BED accounts for the electron redistribution due to the interaction between the graphene and the intercalated metal atoms. Positive values (red) in the plot indicate increases in the electron density after intercalation, and negative values (blue) indicate electron density reductions. For both Eu and Cs, the intercalated metal donates electrons to graphene, which becomes n-doped. This result can also be seen from the electronic densityof-states (DOS) plot shown in Figs. 2 (a) and 2(c).
In our calculation model for the partial Eu intercalation, the Fermi level is approximately 1.2 eV above the Dirac point. For Cs, the electronic structure of the pristine graphene is distorted and the Fermi level is approximately 0.9 eV above the Dirac point. As expected for both Eu and Cs, electron transfer from the metals is not distributed uniformly on graphene. More electrons are seen in intercalated than non-intercalated regions, as can be seen from the BED in Figs. 1(b) and 1(e) as well as the partial charge distribution in Figs. 2(b) and 2(d). The partial charge distributions in Fig. 2 (b) and 2(d) are the real space distributions of the transferred electrons, i.e., the charge within the energy window from the Dirac point to the Fermi level.
Because of the non-uniform distribution of the transferred electrons, there is an uneven distribution of electrostatic potential, as shown in Fig. 3 . More details are visible in Figs. 3(b) and 3(e) where the line-scan It can be seen that the areas with intercalated metal have lower electrostatic potential for the electrons while the potential in the non-intercalated domain is approximately 0.20 (for Eu) to 0.33 (for Cs) eV higher. The local potential difference between intercalated and non-intercalated domains will cause a local work function (Φ) difference between the two domains, which can be attributed to the uneven electron distribution discussed above.
The intercalated domains exhibit higher electron density, and thus, smaller Φ, since the work needed to remove an electron from its Fermi level to the vacuum is smaller. We note that the local work function difference (ΔΦ) (and thus, the difference between the electrostatic potentials) between the intercalated and non-intercalated domains from our calculations are smaller than the values suggested from Ref. [12] based on the "physisorbed graphene" model proposed by Khomyakov et al. [31] . In this "physisorbed graphene" model, the interaction between the graphene and the intercalated metal layer is assumed to be weak and the conical points in the graphene band structure are preserved. Based on this model, the work function difference between the metal intercalated domain Nano Res. 2016, 9(5): 1434-1441 and the pristine graphene domain in the partially intercalated graphene was proposed to be the work function difference between the fully intercalated and pristine graphene [12] . Using work function values of 4.23 eV for the pristine graphene and 3.68 and 3.38 eV for the graphene fully intercalated with Eu and Cs, respectively, from our first-principles calculations, the local work function in the intercalated and pristine domains would be 0.55 and 0.85 eV, respectively, based on the "physisorbed graphene" model for the partial Eu and Cs intercalated samples. These values are obviously much larger than the values of 0.20 and 0.33 eV obtained from our self-consistent DFT calculation on the partially intercalated samples discussed above. Therefore, the "physisorbed graphene" model is not a good model to describe the partially Eu and Cs intercalated graphene. In order to see how strong is the interaction between the graphene and Eu (Cs) intercalation layer, we calculated the binding energy between the graphene and Eu (Cs) intercalated layer by first-principles calculations using a unit cell of 4 × 4 graphene lattice intercalated by a 2 × 2 Eu (Cs) layer (supported by 4-layers of Ir substrate). The total binding energy between the Ir-supported Eu (Cs) layer and graphene in this calculation cell is 3.24 eV (1.65 eV). From the calculation results, we can see that each Eu or Cs atom in the intercalated layer contributes 0.81 or 0.41 eV to the binding energy. Moreover, the conical points in the graphene band structure are destroyed upon the partial intercalation of Eu and Cs, as one can see in Figs. 2(a) and 2(c) . Therefore, the partially intercalated graphene studied here and in the experiment in Ref. [12] is closer to the "chemisorbed graphene" model proposed in Ref. [31] . When the nanometer-scale intercalated and pristine graphene domains are brought into contact in the partially intercalated graphene, electrons flow from the intercalated domain to the pristine domain and reduce the local ΔΦ.
By taking the gradient of the electrostatic potentials along the line-scan of the electrostatic potential profiles, we can evaluate the electric field distribution induced by partial Eu or Cs intercalation, shown in Figs. 3(c) and 3(f), respectively. An alternating electric field across the domains is observed with the largest field (more than 3.0  10 6 V·cm -1 at a height of 3 Å) at the domain boundary. Such large alternating electric fields will provide a significant driving force for the motion of adatoms on partially intercalated graphene if the adatoms are charged. As schematically shown in Fig. 4 , adatoms with positive charge (e.g., due to charge transfer to the graphene) will prefer to move to the non-intercalated domain where the work function and electrostatic potential (for electrons) are higher, and vice versa for adatoms with negative charges. Using DFT calculation and Bader charge analysis, we found that a Eu adatom transfers ~0.85 electrons to graphene and a Cs adatom donates ~0.89 electrons. Based on the results shown in Fig. 3 , the energy bias for Eu 0.85+ and Cs 0.89+ adatoms to move from the intercalated toward the non-intercalated domains is about 170 and 294 meV, respectively. This energy bias will cause the adatom motion to be asymmetric. The bias in the adatom diffusion along and against the electric field direction is a factor of ~630 and ~69,000, respectively, at the experimental temperature of 300 K (300 K = 26. Nano Res. 2016, 9(5): 1434-1441 adatoms on partially intercalated graphene would be transferred freely, with the diffusion barrier collapsing to zero, toward the non-intercalated domain under the influence of the induced electric field, as illustrated in Fig. 4 . In fact, the effective barrier for the adatom diffusion would be much larger than the thermal diffusion barriers discussed above because of the repulsion between positively charged adatoms and the already nucleated charged islands or between two diffusing adatoms. As shown in a recent study [9] such repulsive barriers suppress the adatom aggregation to preexisting islands, enhance the nucleation rate, and increase the observed island density. Our calculation shows that the repulsion between two Eu adatoms on graphene is approximately ~0.24 eV [32] when the distance between the two adatoms is ~4 lattice constants. Therefore, the effective barriers for the Eu and Cs adatom transport should be larger than the thermal diffusion barriers of the single adatom. A larger effective diffusion barrier is also consistent with the experimental observation [5, 6] that the size of the islands is much smaller and the density of the islands is much higher than what would be expected from the low thermal diffusion barriers discussed above. Quantitative analysis of the experiment in Refs. [5] and [6] results in an island separation of 17 graphene lattice constants after deposition of 0.12 ML of Eu at 300 K with an island density 0.018 islandsnm -2 . Based on the experimental island density, the effective diffusion barrier for Eu hopping on graphene would be 0.35 eV, which is much larger than the 0.12 eV thermal diffusion barrier for a Eu adatom diffusion on graphene. This discrepancy indicates the existence of repulsive interactions between the Eu adatoms on graphene to enhance the effective diffusion barrier, which is consistent with the prediction from the firstprinciples calculations discussed above.
Our calculation results also indicate that the strength of the electric field can be manipulated by controlling the partial intercalation pattern and selecting different intercalants. In general, the final electron distribution, the doping pattern, and the induced electric field on graphene should be strongly dependent on the fraction of intercalated area and the electronegativity of the intercalants. For example, in the present calculation, Cs intercalation induces a stronger electric field than Eu, although the fraction of Cs intercalated is smaller than the fraction of the Eu intercalated area. Therefore, the induced electric field mechanism can be utilized to control the growth morphology of metal on graphene by manipulating the intercalation pattern and/or the type of intercalants. We note that inhomogeneous graphene substrates with mixed areas of different intercalation have also been recently prepared for graphene grown on SiC [16] (with Ge used as the intercalant). It was possible to generate three types of regions: pristine, n-doped, and p-doped areas that have potential use as in-plane transistors. Our present study is very relevant, showing that electric fields can not only guide atoms to areas of stronger adsorption but may also play a role in electron transport [11] .
Conclusions
In summary, we show that the electric field on graphene can be manipulated by controlling intercalation. The field can induce biased diffusion of charged metal adatoms on graphene, which can in turn be used to control the morphology of the grown metal. This capability can be used to modify the adsorption properties of graphene by controlling the spatial distribution of the intercalant areas to meet various requirements relevant to the technological applications of graphene for electronic and spintronic devices, which depends on the controlled distribution of metals to specific substrate locations. Nano Res. 2016, 9(5): 1434-1441 from National Natural Science Foundation of China (No. U1530401) and computational resource from the Beijing Computational Science Research Center.
